Vowel identification is largely dependent on listeners' access to the frequency of two or three peaks in the amplitude spectrum. Earlier work has demonstrated that, whereas normal-hearing listeners can identify harmonic complexes with vowel-like spectral shapes even with very little amplitude contrast between "formant" components and remaining harmonic components, listeners with hearing loss require greater amplitude differences. This is likely the result of the poor frequency resolution that often accompanies hearing loss. Here, we describe an additional acoustic dimension for emphasizing formant versus non-formant harmonics that may supplement amplitude contrast information. The purpose of this study was to determine whether listeners were able to identify "vowel-like" sounds using temporal (component phase) contrast, which may be less affected by cochlear loss than spectral cues, and whether overall identification improves when congruent temporal and spectral information are provided together. Five normal-hearing and five hearing-impaired listeners identified three vowels over many presentations. Harmonics representing formant peaks were varied in amplitude, phase, or a combination of both. In addition to requiring less amplitude contrast, normal-hearing listeners could accurately identify the sounds with less phase contrast than required by people with hearing loss. However, both normal-hearing and hearing-impaired groups demonstrated the ability to identify vowel-like sounds based solely on component phase shifts, with no amplitude contrast information, and they also showed improved performance when congruent phase and amplitude cues were combined. For nearly all listeners, the combination of spectral and temporal information improved identification in comparison to either dimension alone.
INTRODUCTION
Increasing the spectral contrast (amplitude difference) between formant frequency peaks and valleys in speech spectra has been studied as a way to improve speech intelligibility in hearing-impaired listeners, but with only small success (see, e.g., Simpson et al. 1990 ). In fact, too much spectral contrast enhancement may begin to distort the intended signal (Baer et al. 1993) . DiGiovanni et al. (2005) wondered whether spectral enhancement was a viable signal processing approach to improving speech recognition by people with hearing loss. Using simplified stimuli and psychophysical measurements, the authors demonstrated that many hearing-impaired listeners can improve their auditory discrimination and detection with increased differences in spectral peaks and valleys, leading them to conclude that spectral enhancement may provide some benefit for improved speech recognition, especially in noise backgrounds.
The ubiquitous difficulty of enhancing spectral contrast in stimuli that are to be processed through auditory filter banks with abnormally broad spectral channels was noted by Giguère and Smoorenburg (1998) , who pointed out that increasing peaks and decreasing valleys in a speech spectrum was unlikely to provide benefit to hearing-impaired persons because of their abnormal frequency selectivity. They suggested, however, that the exploitation of some temporal aspects of auditory processing might be able to enhance spectral peaks by increasing neural synchrony, as was shown physiologically by Miller et al. (1999) . Perhaps the addition of temporal or phase contrast to spectrally coded peaks and valleys in a speech spectrum might add to the enhancement effect independent of amplitude contrasts. Typically, phase is disregarded in speech signals because it is lost due to acoustical reflections in the environment, but it is possible to preserve and to detect phase changes under headphones, or even through hearing aids. Coding speech information through the manipulation of phase may enhance the acoustical cues used to identify some speech sounds when spectral contrasts are degraded by hearing loss. The combination of both temporal and spectral information might improve the identification of some speech sounds.
In earlier work focused on the loss of spectral contrast in hearing-impaired listeners, Leek et al. (1987) , Leek and Summers (1996) , Alcántara and Moore (1995) , Alcántara et al. (1996), and Dreisbach et al. (2005) created synthesized "vowels" by varying the component amplitudes of harmonic complexes to highlight "formant" frequency regions over background harmonics. For instance, Leek et al. (1987) used a harmonic complex with a fundamental frequency of 100 Hz and 36 components, all in cosine phase, to create four such vowels. Normal-hearing listeners were able to correctly identify the vowels with only 2 dB of increased formant amplitude (spectral contrast), while hearingimpaired listeners required at least 6 dB to perform at the same level. Traunmüller (1987) constructed vowel-like sounds using a harmonic complex, but varying only the component phase of the formant frequency regions by 180°relative to the phases of the remaining components. With no amplitude contrast provided, normal-hearing listeners were able to accurately identify nine "phase vowels" with better than 50 % accuracy (chance being 11 %) when the harmonic complexes had a low fundamental frequency (71 Hz). Traunmüller's work showed that component phases do have a measurable impact on stimulus identification which ordinarily is based primarily on amplitude contrasts.
The purpose of this study was to code vowel-like stimuli with phase information to determine whether the component phase could be used by normal-hearing (NH) and hearing-impaired (HI) listeners for vowel recognition. The identification of vowel-like harmonic complexes was measured as a function of formant amplitude and formant phase. The stimuli in each of two conditions were constrained to have only relative amplitude information at the formant frequencies (i.e., equal phase across components) or relative phase information at formant frequencies (i.e., equal amplitude across components). In a third condition, the component phase and amplitude enhancements were combined to test whether adding phase contrast would improve identification based on amplitude contrast alone.
METHODS

Listeners
Five NH listeners and five HI listeners served as the subjects in this study. NH listeners ranged in age between 27 and 60 years (M048.0 years) and had hearing thresholds of 25 dB HL or better at audiometric frequencies from 250 to 4,000 Hz. HI listeners ranged in age between 61 and 74 years (M065.2 years) and had relatively flat sensorineural hearing losses of at least 30 dB HL in the low frequencies (G1,000 Hz) and 40-60 dB HL in the mid and high frequencies (1,000-6,000 Hz). Comparisons of air and bone conduction audiometric thresholds, along with emittance results confirmed the sensorineural nature of the hearing losses. Figure 1 shows individual air conduction thresholds for the HI listeners and the average thresholds of the NH group, along with standard errors of the mean. Testing was accomplished in three to four 2-h sessions. All subjects provided written informed consent prior to participation and were paid per session.
Stimuli
The stimuli for this study were harmonic complexes comprising the first 36 harmonics of a 100-Hz fundamental frequency. Simulated vowels were created by adjusting the amplitudes and/or phases of three pairs of components within the harmonic complex at the locations of three "formants" chosen to approximate the average formant frequencies of male speakers for the vowels /i/, /α/, and /ae/ (Peterson and Barney 1952). Table 1 lists the frequencies of the altered harmonic pairs for each of the three vowel categories. All of the altered components were changed by the same amount within a stimulus.
Three different types of vowel-like stimuli were created: those for which only the amplitudes of the formant harmonics were altered (amplitude contrast), those for which only the phases of the formant harmonics were altered (phase contrast), and those for which both amplitudes and phases were altered (combined contrast). For the amplitude contrast condition, the level of the appropriate three pairs of harmonic components was increased from 1 to 10 dB above the level of the 30 background harmonics following procedures similar to those of Leek et al. (1987) . All harmonics had a cosine (0°) starting phase. In the phase contrast condition, all harmonics were equal in amplitude. All background harmonics had a cosine starting phase and the formant harmonics were shifted in phase relative to cosine by 4-180°. The degree of phase shift was the same for all formant harmonics within a given stimulus. In the combined contrast condition, both the amplitude and phase of the formant harmonics were altered; the background components maintained equal amplitude and cosine phase. Further details on the amplitude and phase increments used in the experimental tasks are provided in the following sections.
Stimuli were generated digitally at a rate of 24,414 samples per second. Each stimulus was 400 ms in duration, with 50-ms cosine-squared onset and offset ramps. The root mean square (rms) values of these waveforms change with alterations in the component amplitude, although not with phase changes alone. As part of the stimulus generation, all waveforms were normalized to the same rms value. Figure 2 schematically shows examples of stimulus amplitude and phase spectra (left panels) and 40-ms samples of the corresponding stimulus waveforms (right panels) for the vowel /i/ for the amplitude-only (top), phase-only (middle), and combined (bottom) conditions. The example shows the spectra and waveforms for the vowel /i/, with either 6 dB of amplitude increment, shown by the bottom amplitude spectrum referenced to the lefthand axes, and/or a 180°phase shift of the formant harmonics, shown by the upper phase spectrum in each panel referred to the right-hand axes. The waveforms shown in the right column of panels correspond to each amplitude and phase combination.
Procedures
Listeners were tested individually in a sound-treated booth. The stimuli were presented monaurally via Sennheiser HD 580 precision headphones at an overall level of 85 dB SPL with up to a ±3-dB random level rove on each presentation to defeat possible loudness differences (Gockel et al. 2003 ). NH listeners were tested in their better ear and HI listeners were tested in the ear that best matched the flat audiometric criteria.
Data were collected in three separate identification experiments: vowel identification based on adjustments in the component phase alone, vowel identification based on adjustments in the component amplitude alone, and vowel identification based on adjustments in both phase and amplitude components changing together. Testing began with the phase contrast task, next moving to the amplitude contrast task, and finishing with the combined task. However, if a listener was unable to reach criterion performance on the phase contrast training task (described below), the amplitude contrast task was completed first and then the phase contrast task was revisited. This occurred for two NH listeners and two HI listeners.
A single-interval three-alternative forced choice identification procedure was used, with correct answer feedback. Stimuli within the blocks were presented in random order. On each trial, listeners were asked to identify a stimulus by pressing one of three response buttons displayed on a touch screen monitor. The buttons were labeled "ee," "ah," and "ae" for the response categories /i/, /α/, and /ae/, respectively. Directly below the touch screen buttons, the key words "heat," "hot," and "hat" were also displayed.
Prior to testing for each condition, a training task was carried out which consisted of a single change in only one stimulus property of the formant harmonics (either a 180°phase change or a 5-or 10-dB amplitude increment over the background harmonics, depending on the condition to be tested). During the training task, the listeners were asked to identify the stimuli, with feedback provided after each response. This was repeated for up to five blocks of ten replications per block (30 trials per block). However, if after three blocks the listener demonstrated that he or she could correctly identify the simulated vowels (990 % correct in all of the first three blocks), testing would begin. For the phase contrast task, the listener had to achieve a score of at least 80 % correct in one of the five blocks during the training to continue with the testing. Otherwise, that listener would move on to the amplitude contrast task and be given a second
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Frequency ( The top row displays an amplitude-only incremented stimulus, the middle row displays a phase-only incremented stimulus, and the bottom row displays a stimulus for which both amplitude and phase have been incremented. Left-hand panels show amplitude spectra referred to the left ordinate and phase spectra referred to the right ordinate.
chance with the component phase task upon completion of the component amplitude testing. One hearing-impaired listener who failed to meet the 80 % correct phase criterion on initial testing was still unable to meet that criterion after completing the amplitude task. That listener was excluded from further testing and was replaced by another hearingimpaired subject. There were no obvious auditory or demographic characteristics that would set this listener apart from the others enrolled in the study. All other subjects were able to correctly identify vowels based on the 180°phase shift alone.
For the initial block of the phase contrast task, the phases of the formant components were shifted from the background components by equally spaced increments ranging from 36 to 180°. In each block, five phase increment values were selected within that range and ten repetitions were presented for each of the three "vowels" (150 trials per block). If the listener obtained 90 % correct at each of these five phase increments, the formant phases were reduced after three test blocks. This occurred for two NH listeners and no HI listener. For the other listeners, data were collected for five blocks. After the data were obtained for this initial range of phase contrasts, the component phase increments were then further reduced in small steps, with ten replications at each step and vowel sound until chance levels of performance were approached. Chance, or guessing percentage, was defined as 33 % correct for the three-alternative identification task. To verify chancelevel performance in this probabilistic task, a probability distribution for the range of scores for chance performance was computed by running a simulation of random responding for 10,000 sessions of 20-trial blocks. The results of the simulation indicated that a listener performing at chance levels would achieve an overall mean percent correct score of 33 % with a 95 % confidence interval of ±5 %. Therefore, any block for which percent correct was G38 % was taken to be chance performance. Over the total range of levels tested, the phase increment that produced approximately 67 % correct identification performance (midway between chance and perfect identification) was selected as the phase contrast threshold. Phase values near these threshold increments were subsequently used in the combined phase and amplitude experiment.
The amplitude contrast identification (i.e., spectral contrast) was presented in a manner similar to the component phase experiment, but the amplitudes of harmonic pairs were varied rather than the phases. Based on the findings of Leek et al. (1987) , it was anticipated that NH listeners would need approximately 2 dB of amplitude contrast in order to achieve about 67 % correct and that HI listeners would require at least 6 dB of contrast. With this in mind, NH listeners were tested in 1-dB steps ranging from 1 to 5 dB of component amplitude and HI listeners were tested first in 2-dB steps ranging from 2 to 10 dB, and, subsequently, also in 1-dB steps ranging from 1 to 5 dB.
Finally, in the combined task, two component amplitude increments (always 1 and 2 dB) were combined with three component phase variants that were chosen individually for each listener based on his or her previous performance on the phase contrast task. All listeners were tested at 1-and 2-dB amplitude contrast levels and at customized phase increments that were near threshold performance and slightly above. The phase increments used across listeners varied from 4 to 45°.
Data for each of the three tasks were percent correct vowel identifications. Error bars on the graphical displays of the data indicate standard errors of the mean. Statistical analyses were implemented using the software package SYSTAT©. Details of these analyses are described in "Results."
RESULTS
In each experiment (amplitude, phase, and combined tasks), formant peak contrast levels along the given dimension(s) were varied and percent correct identifications were determined for each level.
Amplitude contrast task
The main purpose of testing the amplitude-alone spectral contrast condition was to determine the base amplitude increment for the subsequent combined amplitude and phase contrast condition. It was expected, based on a considerable amount of earlier work, that there would be small differences in the amount of amplitude contrast required for vowel identification by NH and HI listeners. Figure 3 displays the mean performance across the two listener groups for increments in the formant component amplitudes. Error bars represent standard errors of the mean. All listeners in both listener groups heard the same range of amplitude increments. Note that performance improved to near perfect identification for all listeners over the range of the spectral contrast values used here. As has been reported previously (e.g., Leek et al. 1987) , HI listeners required slightly more spectral contrast than NH listeners in order to perform at the same level.
On average, better-than-chance performance (938 % correct) was observed for all contrasts for all listeners. Contrasts of about 1.5 dB were required by NH listeners and just over 2 dB for HI listeners in order to achieve an arbitrary threshold level of about 67 % correct. An analysis of variance for this condition, with a between-subjects factor of group membership and a repeated measures factor of amplitude contrast, indicated that there was a significant difference due to contrast level [F(4,32) 0189.23, PG0.0001] and a significant contrast-by-hearing status interaction [F(4,32) 072.08, P00.01]. There was not a significant difference in overall performance between the NH and HI listeners (P00.27). The significant interaction reflects the approach to an asymptotic value of performance for a lower spectral contrast value for the NH listeners relative to the HI listeners.
A replication of this condition was carried out after all other conditions were completed as a control condition in order to verify that any improvements due to the combined phase and amplitude enhancements were not simply due to additional experience with these tasks. Recall that the combined phase and amplitude condition was always presented after the individual phase and amplitude conditions were completed. Any benefits observed from adding coherent phase information in the combined task might be attributed to improvements in performance on the amplitude task alone after practice; that is, if listeners improved due to practice with these conditions, the contribution of the added phase information might be minimized. For this reason, the amplitude-alone condition was presented again after all the other data had been collected. The results of the replicated amplitude-only condition were nearly identical to the initial data, confirming that any improved performance observed in the combined phase and amplitude condition would indeed represent a contribution from phase information combined with the amplitude contrast information.
Phase contrast task
In the phase contrast condition, all component amplitudes were held constant, and the formant components were encoded by shifting the phases relative to the phases of the background components. Recall that the procedures used did not require all listeners to be tested at the same phase values, but instead the phases were selected for each subject, systematically decreasing until the discrimination was no longer better than chance performance (see "Methods"). Figure 4 shows identification for each NH and HI listener for a range of phase values. NH listeners are shown with solid symbols and HI listeners with open symbols, and each subject's data are coded with a different shape. The two lines on Figure 4 show the best-fitting logistic dose-response curve to the data from each group of listeners (NH, solid line; HI, dashed line).
Normal-hearing listeners were generally better overall at using the phase increments for vowel identification, but both groups showed strong improvements as the phase shifts moved from about 10°to near 100°. Both groups showed a similar amount of improvement across the entire range of phase increments tested and approached an asymptotic performance level (a mean of about 90 % correct for NH listeners and about 80 % for HI listeners).
Figure 5 displays these logistic fits to data from the individual subjects. The logistic fits were used to extract three values for statistical comparison: phase threshold, asymptote, and slope. The phase threshold, defined as midway between chance (33 %) and perfect performance (100 %), or 67 % correct, did not differ statistically between the two groups [t(8)0 P values were Bonferroni-corrected for multiple tests). Although identification performance was lower for the HI listeners at the small phase increments, their performance improved at a faster rate than for the normal-hearing group such that, as a group, the asymptotic levels were similar. These data indicate that both NH and HI listeners can use phase information alone (i.e., without any spectral amplitude contrast) to perform these vowel identifications.
Phase and amplitude contrast combined task
In addition to the phase-only condition, with no formant information provided in the amplitude spectrum of the stimuli, identification was also measured for stimuli that had small amplitude increments on the formant harmonics that were below-or nearamplitude contrast thresholds, combined with phase shifts that were in the range of the phase-only thresholds for each individual. These phase selections fell from below the phase-only threshold to just above the threshold contrasts for individual listeners, chosen by visual inspection of the individual listeners' phase contrast psychometric functions (see Fig. 5 ). These phase contrasts were combined with amplitude contrasts of 0, 1, and 2 dB. This experiment was included to determine whether identification performance could be improved by combining sub-threshold amplitude and phase increment values, neither of which alone would support vowel identification.
Although all the phase values used in the combined experiment were within a range between 4 and 45°, the same values were not used for every subject; therefore, an analysis of variance (ANOVA) with the same phase increment for each subject was precluded.
In order to allow an appropriate factorial ANOVA, the data for each subject were fitted separately for each of the three amplitude conditions (0-, 1-, and 2-dB amplitude increments). The logistic dose-response used for the phase-alone experiment was again applied to the individual data here. In order to fit the ogive to the individual data, a "dummy" point was included at 100 % correct at 100°of phase, but the actual data points between 0 and 40°were weighted more than the dummy point. This process produced fitted functions whose R 2 goodness-of-fit values were at least 0.99 for 23 of the 30 fits, with the worst fit having a goodness of fit of 0.94. These fitted functions were entered to estimate performance at phases of 0, 10, 20, and 30°for each of the three amplitude values, and these fitted values were analyzed with a repeatedmeasures ANOVA, with a between-subjects factor of hearing status and repeated measures on amplitude and phase increments. Figure 6 shows the estimated percent correct at each of the selected phase values for the three amplitude values, with separate panels for the NH and HI data. Across amplitudes, the mean performance thresholds in the HI group are generally lower than for the NH group. The main effect of group membership on the performance levels was significant [F(1,8) However, some of those differences involving group membership may be related to ceiling effects in the NH data.
The three-way interaction suggests that improvements resulting from the combined effects of amplitude and phase contrast were not the same for both groups. In fact, inspection of Figure 6 suggests that, for normal-hearing listeners (left panel), once the amplitude increment was at least 2 dB (top data series, triangles), any contribution of phase increment was essentially swamped by the amplitude cue, so additional phase information resulted in smaller additional performance improvements. The HI listeners (right panel) did not demonstrate ceiling effects, and so their performance continued to show improvements. Figure 7 shows the average maximum improvements for each group and amplitude condition. These values show the percentage point differences for each group and condition when the maximum phase (30°, taken from the fitted curves used for Fig. 6 ) was added to each amplitude condition. For the NH group, adding phase information to a flat-amplitude spectrum (the 0-dB condition) improved performance by 50 percentage points. Improvements to the 2-dB condition were, however, only about 14 percentage points. The HI group's performance improved by about 20 percentage points for each amplitude condition. This figure shows that, even for subthreshold spectral peak-to-valley contrasts, as might occur in hearing-impaired listeners due to a smearing of their internal spectra, the addition of a limited amount of formant phase contrast could potentially enhance identification performance by 20 percentage points.
DISCUSSION
The results of this study demonstrate that the location of "formants" in stylized vowel-like stimuli can be coded by either incrementing the amplitudes of the relevant harmonics or by shifting the phases relative to the background harmonics for both NH and HI listeners. In addition, the combination of amplitude and phase information improved identification performance for both listener groups over either dimension alone. Nearly all listeners received benefit from the addition of coherent phase information in the locations of near-or sub-threshold amplitude contrast.
NH listeners required less amplitude (spectral contrast) than HI listeners in order to identify these vowel-like sounds. This is consistent with previous findings (e.g., Leek et al. 1987) , but in the current study, the differences between groups were minimalbetween 1 and 2 dB of contrast was required for NH listeners and between 2 and 3 dB for comparable performance by HI listeners. This small amount of difference is probably related to the limited stimulus set, with only three different response categories instead of four. NH listeners, in general, could take slightly better advantage of formants cued by compo- FIG. 6 . Estimated percent correct and standard errors for combinations of three amplitude contrasts (0, 1, and 2 dB) and four phase contrasts (0, 10, 20, and 30°) for NH and HI listeners (left and right panels, respectively). Data were extracted from individual listeners' fitted functions to the percent correct identification at each of the three amplitude contrasts.
FIG. 7.
Mean maximum improvement in estimated percent correct achieved with an increase of phase contrast from 0 to 30°for the two listener groups for each of three amplitude contrasts (0, 1, and 2 dB). nent phase alone than HI listeners (Fig. 4) , especially for small phase increments; however, both groups of listeners were highly variable, and there was a considerable overlap between the two groups in the range of asymptotic performance achieved (Fig. 5) .
Most listeners showed improvements in the combined phase and amplitude condition, but the benefit varied widely across listeners. The size of the improvement realized by HI listeners for added phase information was roughly consistent across differing levels of amplitude contrast. The retesting of the amplitude-alone condition after the combined conditions confirmed that the improved performance observed from adding phase contrasts to amplitude contrast was not simply due to more practice with the amplitude condition, but represented a true identification enhancement contributed by the addition of phase information.
Although the responses in this study were fairly simple (one of three vowel sounds), it is possible that any observed differences in performance between the NH and HI listeners could potentially be attributable to the differences in age between the listener groups as well as the audibility of the stimuli. The two groups of listeners differed in age; however, there was not a relationship within the hearing-impaired group between age and any of the performance measures in this study. Additionally, it should be noted that the differences observed between the two groups could not be attributed to an inability of the hearingimpaired group to perform the task, given enough amplitude and/or phase increments. In fact, statistically, there were few differences between groups on measures of overall performance, with interactions between increment and group membership on both the amplitude and phase conditions relating to how rapidly subjects rose from near chance to asymptotic level performance. There was a group difference in performance for the combined condition, but this was likely related primarily to the approach to ceiling performance by the NH listeners, but not the HI listeners. If age were a significant contributor to these results, the overall performance levels would likely have been considerably lower for the HI listeners.
There may have been a difference in audibility of the stimuli for the two groups of listeners. The presentation levels were high (around 85 dB SPL), but it is possible that some subjects in the hearingimpaired group may not have been able to hear some of the higher frequency formants. To investigate this possibility, an excitation pattern analysis was undertaken following procedures outlined by Moore and Glasberg (2004) and Moore (2007) . Because audibility would be affected by the amplitude spectrum, not the phase spectrum, the analysis was done only on the flatamplitude spectrum. Any formant increments would be added to this flat spectrum, so the strictest test for stimulus audibility would be spectra with no amplitude increments. The audiometric thresholds for each hearing-impaired subject were entered into the calculation developed by Moore and Glasberg relating the broadening of auditory filters to impaired thresholds (see Eq. 13, p. 78, of Moore and Glasberg). Starting with "normal" bandwidth auditory filters, described by Moore and Glasberg, the auditory filter broadening was applied at each audiometric frequency for each subject's hearing loss to construct an auditory filter bank specific to that subject. This filter bank was then used to estimate the minimum amount of excitation required at each audiometric frequency in order for a stimulus to be audible. The dB value representing the difference between that minimum threshold excitation and the excitation produced by the flat-amplitude harmonic spectrum was taken as a measure of the audibility of the stimulus at each formant frequency region for all three vowel stimuli for each subject. The results of this excitation pattern analysis were that for all hearing-impaired subjects, the frequency regions around the first two formants were presented at between 15-and 30-dB sensation level (SL). The third formant frequency region was about 15-dB SL for all subjects, except for HI10 for which it was closer to 5-dB SL. This did not seem to negatively impact this subject as Figure 5 shows this subject to be one of the most successful performers in the phasealone task.
A further analysis regarding the potential for some of the frequency regions to be less than audible was undertaken by viewing the confusions among the three vowel responses. If some frequency regions were inaudible, it would be expected that greater confusions would exist for some pairs of stimuli relative to other kinds of errors. This was not the case. Across all conditions and for both listener groups, no consistent error patterns or confusions between vowels were observed. Errors were approximately equally distributed within response categories and did not appear to be dependent on listener characteristics or group membership.
Amplitude and phase contrasts simulated in a model of auditory processing
To gain insight into how component phase and amplitude contrasts may be encoded in both normal and impaired auditory systems, the auditory image model (AIM), developed by Patterson and his colleagues (Patterson et al. 1992 (Patterson et al. , 1995 Patterson 2000) , was applied to the stimuli used in this study. The AIM is a time-domain model of auditory processing that preserves the details of temporal characteristics of a signal in its output. Successive stages in the auditory processing pathway are simulated in separate processing modules. The modules of the AIM employed here simulated the effects of pre-cochlear processing, basilar membrane motion, and neural activity patterns. The reader is referred to Bleeck et al. (2004) , as well as Patterson (1994) , for further details concerning the AIM and its application.
Stimuli used in this modeling were all three vowel categories, with all amplitude conditions (1-5 dB of amplitude contrast), several phase contrast conditions ranging from 5 to 180°, plus the 0 phase and 0 amplitude (flat spectrum) conditions as references. Combined amplitude and phase conditions were simulated using 1-and 2-dB amplitude contrasts and 30°phase contrast. Modeling simulated both normal and impaired auditory processing.
In the first module (pre-cochlear processing), an equal-loudness contour compensation was applied to the signals using data from Glasberg and Moore (2002) . The outputs of that module were passed to the basilar membrane module, which simulated a bank of 75 linear "gammatone" filters (Patterson et al. 1995) . The standard filter widths used to model the response of an unimpaired basilar membrane are based on Glasberg and Moore (1990) . For the impaired version of the model, broadening of the auditory filters for the simulation of impaired frequency selectivity was achieved by linearly increasing the filter bandwidths as a function of processing channel by altering the appropriate parameter in the gammatone filter calculation within the AIM software. As described earlier for the audibility analysis, Moore and Glasberg (2004) estimated that, in general, auditory filters broaden according to increasing absolute thresholds. The impaired filter bank simulated here for the AIM represents an approximation to the broadening filter bandwidths typically observed as the absolute thresholds of most hearing-impaired listeners increase with frequency. For the lowest frequency channel (centered at 100 Hz), the width of the filter was equal to that of a standard unimpaired filter, but by the highest frequency channel (6,000 Hz), the filter width was about 2.35 times greater than the standard value. Lastly, the neural activity pattern resulting from cochlear processing was applied to the output of the basilar membrane module. This processing was carried out separately for each of the 75 filter channel outputs and included half-wave rectification, square root compression, and low-pass filtering at 1,200 Hz to simulate the gradual loss of phase locking at higher frequencies. Note that this low-pass filtering resulted in smoothing of the within-channel waveforms for each center frequency channel as the temporal fine structure above 1,200 Hz was progressively removed from each channel.
The output of this sequence of modules consisted of 75 simulated channels of (internal) temporal representations, preserving the differences due to component phases, not just amplitude differences in the stimuli. The average values across time for each frequency channel may be combined into a frequency profile, similar to an excitation pattern representation, which displays estimated excitation at each center frequency. These excitation patterns were compared across all conditions. The changes in model output associated with incrementing the amplitudes of selected components that code the vowel /α/ in an otherwise equalamplitude, equal-phase harmonic complex are shown in Figure 8 (the other two vowel categories resulted in similar excitation patterns, with peaks at the incremented harmonics specific to their vowel identity; only the /α/ category will be shown here for economy of space). The excitation pattern in response to the flat-amplitude stimulus is shown as a thin dashed line. The bar graph along the bottom of the figure indicates the frequencies at which components were incremented in amplitude. Not unexpectedly, the outputs of the models increased as the amplitudes were incremented. The output of the NH model (left panel) demonstrates narrower peaks and lower peak amplitudes than does the output of the HI model (right panel). This reflects the broadening of the filters for the HI model in that each filter sums the energy across more harmonics than observed for a normal filter bank.
The model outputs associated with incrementing the phases of selected components to code the vowel /α/ in an otherwise equal-amplitude, equal-phase harmonic complex are shown in Figure 9 . Again, the reference condition of no phase or amplitude increments is shown by the thin dashed line. The line graph along the bottom of the figure indicates the frequencies at which components were incremented in phase. Five increments between 13 and 180°are shown. As in the amplitude increment models, the NH version (left panel) shows lower overall outputs than the modeled HI representation, as well as somewhat narrower peaks in response to formant harmonics. As with the amplitude increments, the differences in model output between hearing status groups increase as the frequency increases due to the impaired frequency selectivity for the HI model. Because the AIM preserves the time domain characteristics of the stimuli, differential increases in the output of the model were observed mainly in frequency channels where harmonic components were at least partially unresolved. Generally, for both NH and HI models, growth of the output in channels with more unresolved components increases faster than output in channels with fewer unresolved compo-nents. Nevertheless, it is clear from Figures 8 and 9 that both amplitude and phase contrasts have a similar strong effect on the internal representations of these vowels, suggesting that both experimental manipulations may serve to produce peaks at appropriate frequency regions for vowel identification. Simulations of the combined conditions were also generated using the AIM. As expected, combining increments in amplitude and phase increases the excitation peaks more than for either cue alone for those frequency channels containing unresolved harmonics. This is reflected in the improvements observed behaviorally when sub-threshold amplitude and phase cues are included in a vowel stimulus. Figure 10 (left panel) shows behavioral data, both singly and in combination, for amplitude and phase increments that separately are either sub-threshold (1 dB and 10°) or supra-threshold (2 dB and 30°) for both listener groups. In each case, and for both NH and HI listeners, identification performance for the combined stimulus exceeds that of either amplitude or phase increments alone.
Listeners' identification accuracy was compared to the summed AIM output in the region of the second formant for the same stimulus conditions. For each vowel category, four output channels spanning the frequencies of the two F2 harmonics were selected and their outputs were summed. Likewise, four channel outputs from adjacent regions of spectral valleys in the excitation patterns were summed. Differences were then calculated for the F2 region of each vowel relative to that for the "valley" channels to produce a rough estimate of a peak-to-valley contrast in the internal spectral representation. These estimates are shown in Figure 10 (right panel). As for the behavioral data, the combined stimuli produced consistently greater values. Unlike the behavioral data, however, the model output was consistently greater for the HI than for the NH, once again reflecting the broader auditory filters of the former group. This is a reminder that the magnitude of the formant peaks as well as increases in the peak-tovalley differences may not be sufficient for vowel identification if the peaks are very broad, such as they are in this simulation of an impaired excitation pattern. 
CONCLUSION
Impaired frequency resolution results in smearing of spectral information, potentially interfering with speech understanding, particularly in noise. The results presented here suggest that a combination of cues from component levels and phases of harmonic complexes may be exploited to provide more definition in the cochlear representation of formant structure. Although there were large individual differences in performance based on both amplitude and phase contrasts, for both normal-hearing and hearingimpaired listeners, all listeners showed an ability to improve identification performance with increasing stimulus contrast along both dimensions. Moreover, cues from amplitude and phase contrasts may combine to increase overall spectral contrast in both normal and impaired auditory systems.
The pattern of results observed for the three types of stimuli can be explained by a model of auditory processing at the level of the cochlea that accounts for the temporal response as well as the place/frequency response. Models of processing that simulate only the spectral response of the auditory periphery and discard temporal (phase) information (such as excitation pattern models) cannot account for listeners' ability to identify these vowel-like sounds coded by phase shifts. However, representations developed from a spectro-temporal model showed changes that corresponded with patterns in the behavioral identification data. In addition, the added enhancement observed behaviorally when combining amplitude and phase cues was encoded in the spectro-temporal excitation patterns as "formant" peak amplitude increments at the output of the model.
The results of this study support the idea that both NH and HI listeners can improve their identification of vowel-like sounds by combining appropriate phase and amplitude information to code formant regions. Obviously, the stimuli used here are much simpler than natural speech stimuli, but this study provides a "proof of concept" that identification can be improved for a limited set of complex vowel-like sounds by combining two different cues to formant identity, even though those cues individually may not be useful to a listener. Further evaluation of phase enhancements of more realistic speech signals under challenging listening conditions may demonstrate whether some similar combination of spectral and temporal cues may result in signal processing improvements to speech recognition.
